Pollen effect is important on several kernel traits in maize breeding and may vary under different pollination treatments. Our objectives in this study were i) to evaluate the effects of pollination treatments that are commonly used in maize breeding, on several ear and kernel traits, ii) to investigate if the genotypes so called "specialty corn" do have any different reaction to the pollen effect. A field trial was carried out at Dardanos Research and Application Center of Çanakkale Onsekiz Mart University, Turkey, in 2013. The experiment used a split plot design with three replicates. Four parents (three inbreds and one open pollinated landrace) were used as plant material. Three pollination treatments (open pollination, self-pollination and bulk pollination) were applied, and individual pollen effect of each parent on other parents was investigated. For this purpose, several ear and kernel traits (ear weight, kernel weight, kernel number, mean kernel weight) and biochemical features (protein, oil, carbohydrate and carotenoid content) were measured on harvested samples.
INTRODUCTION
"Pollen effect" refers to the changes in female parent's phenotype caused by the pollen source (Focke1881). It has been well studied in maize and shown to be the cause of important differences in various traits, such as oil content, protein content, fatty acid composition and embryo/seed ratio (Letchworth & Lambert 1998; Tsai & Tsai 1990; Weingartner et al. 2004; Dong 2007; Tanaka et al. 2009 ). The findings about the pollen effect were variable in the literature. Some studies concluded that pollen parent had no significant impact on protein content (Gilbert 1960; Letchworth & Lambert 1998) , whereas, some others showed the lysine and tryptophan content in maize were affected by the pollen source (Pixley & Bjarnason 1994) . It was found that pollen from different individual plants of the same variety might have an impact on kernel volume and weight (Bulant & Gallais 1998; Balestre et al. 2007 ). These investigations enlarged the area of study on pollen effect in maize. Several methods have been developed in order to take the advantage of pollen effect. The best known example is TopCross Blend (Dupont ®), used to elevate oil level of a high yielding hybrid (Thomison et al. 2002) . Plus Hybrid Effect is another application, designed to obtain high grain yield, where pollen effect and CMS (cytoplasmic male sterility) were collectively utilized (Weingartner 2002a; Weingartner 2002b ).
Pollen must be under control in maize breeding studies and conventional seed production. To achieve this, artificial pollination methods are used in breeding, selfing being the most common one (Öz & Tuğay 2003) . Selfing is accomplished by transferring the collected pollen from tassel to ear (pre-covered) in a controlled manner (Abdin et al. 1979) . This method causes negative effects on many traits, known as inbreeding depression (Öz & Tuğay 2003) . To avoid this, sib-pollination was introduced (Lindstorm 1939 ), which partly alleviated the ill effects of selfing. Another method, bulk pollination, is preferred in open pollinated varieties (OPV) to sustain the genetic constitution of OPV's, for which the other pollination methods have no use. In this method, pollen from a number of individual plants was bulked and then distributed to the same plants (Taba & Twumasi-Afriyie 2008) . Natural pollination (open pollination) was also used in maize research in addition to the artificial pollination methods. Pollen contamination occurs in natural pollinated plants, resulting in undesired variations. Several researchers have studied the effects of pollination method on the kernel structure in maize. Open and self-pollinated genotypes (inbred and hybrids) were compared for protein, oil and starch content (Letchworth & Lambert 1998; Schaefer & Bernardo 2013) , fiber content (Şchiop et al. 2011 ) and starch properties (Krieger et al. 1998) . Earlier studies exploring the effects of pollen and/or pollination treatment on the maize genotypes generally used a certain type of plant material, such as inbreds and hybrids. However, breeding nurseries may also contain genotypes with different characteristics, such as open pollinated varieties (OPVs). Use of plant material with different genetic composition such as OPVs, special types of inbreds or hybrids etc. in the studies on pollen and pollination effects could provide novel information. Additionally, evaluation of the traits rarely examined in previous studies, such as carotenoid content, could provide new findings about the pollen effect in maize.
The objectives of this study were: i) to evaluate the effects of pollination treatments that are commonly used in maize breeding, on several ear and kernel traits, ii) to investigate if the genotypes so called "specialty corn" do have any different reaction to the pollen effect.
MATERIALS AND METHODS

Plant material and trial organization
Four parental genotypes were used in this study, each possessing a different kernel quality (Tab. 1). These genotypes were selected to study the pollen effect since they varied in terms of genetic, visual and biochemical features. Of these parents, IHO had high oil (~14%), low carotenoid and carbohydrate; Q2 had high carotenoid and low protein content; PR had high anthocyanin content; and OPV had normal values for all of the investigated traits. A 4 × 4 reciprocal full diallel mating design was generated by using these parental lines. A total of four parents and twelve hybrid combinations made up the plant material in this study. Except Q2 (dent), all of the parents were flint (Tab. 1). To characterize the parents for flowering features, we collected data on days to tasseling, days to anthesis and days to silking (number of the days from the sowing until 50% of number of plants in a plot had tassels, pollen shed, and silk emergence, respectively). Anthesis-silking interval (ASI) was also recorded as the number of days between 50% silking and 50% anthesis. Flowering data were collected only on open pollinated plots. Flowering features of the parental lines showed similar values except IHO, which was earlier for flowering as well as higher anthesis-silking interval than other genotypes. There was a good synchronization among the parental genotypes (Tab. 1).
The field trial was carried out at the Çanakkale Onsekiz Mart University, Dardanos Research and Application Center in Çanakkale, Turkey. Experimental design was a split plot design with three replicates. Genotypes were assigned to main plots (8 rows), and pollination methods to subplots (2 rows). Planting was accomplished with a mechanical seed driller at a plant density of about 71,400 plants ha -1 ,on May 17 th , 2013. The soil of the experimental area was clay-loam, with a pH of 7.8, containing 12.7% lime, 1.27%, organic matter content 37.8 kg ha -1 phosphorus, and 549.9 kg ha -1 potassium. A total of 170 kg ha -1 nitrogen was applied in two occasions (80 kg ha -1 at planting, and 90 kg ha -1 at preflowering), based on the soil analysis. Plots were dripirrigated as needed. Weeds were mechanically controlled.
Pollination treatments
Three different pollination methods were applied in this study. As a natural pollination treatment, open pollination was used; while, self-pollination and bulk pollination were artificial treatments ( Fig. 1 ). To prevent pollen contamination among the genotypes, a controlled pollination method was used (Annonymous 2014) . In the first step of this method, all of the ears on the plants were covered by shoot bags before the silk emerging to prevent pollen contamination. Emerging silk was truncated to get a satisfactory seed set. A tassel bag was carefully placed over the designated plants' tassels to collect pollen for the next day. Next morning (8:00-10:00 AM) the tassel bag was tapped to release pollen from the tassels. Then the tassel bag was brought onto the shoot exposing silk, and tapped gently so that the pollen was introduced to the fresh silk. Lastly, the flaps of the bag were tightly stapled against the stalk.
At least four plants were pollinated this way in each subplot. For self-pollination, the pollen collected from a tassel was used to pollinate the ear on the same plant. For bulk pollination, the pollen collected and bulked from at least four plants was distributed to the plants that provided this pollen bulk ( Fig. 1 ). Unlike selfing, bulk pollination was made by pouring the pollen collected in the tassel bags onto the silks. The open pollinated plants were not bagged. To evaluate pollen effect of each genotype, all possible crossing combinations among the parental genotypes were made by artificial pollination. Harvest was done upon physiological maturity (black layer formation). All of the hand pollinated ears were harvested for the artificial pollination treatments, while four ears were sampled from the open pollinated plots (N = 288).
Observed traits
Data were collected on four ear traits and four biochemical traits to compare the pollination methods and to evaluate the pollen effect of parents. On the harvested ear samples, ear weight (g), kernel weight per ear (g), and kernel number per ear were measured. Mean kernel weight was determined by dividing kernel weight to kernel number for each sample. After collecting the data on ear traits, the kernels were grounded using a laboratory mill (Fritsch pulverisette 14) with 0.5 mm sieving. Grounded samples were analyzed to determine protein (%), oil (%), carbohydrate (%) and carotenoid contents (µg g -1 ). Protein, oil and carbohydrate ratios were estimated with a Near Infrared Reflectance Spectroscopy (Spectrastar 2400D, Unity Scientific, USA). For this purpose, each sample was scanned within 1200-2400 nm interval, using the powder cup of the instrument. Carotenoid concentration was determined according to Rodriguez-Amaya & Kimura (2004) . For this assay, two grams of sample weighed into a glassine tube. Then, 5mL of pure water added on the samples and incubated at 4 C° overnight. Samples were subjected to a series of pure acetone (15 mL two times) and acetone:hexane (25 mL one times) solutions. After each application, tubes were shaken (2 min) and liquid phase in tubes was collected. The upper phases of extracts that collected in 3 occasions were gathered in a glass funnel. About 300 mL cold water was added and the upper phase was transferred into a 25 mL flask. Three mL of extract was measured at 450 nm by using a quartz cuvette with 1 cm pathlenght in a pre-conditioned UV-VIS spectrophotometer (PG Instrument, England). Total caroteniod content (TCC) of each sample was determined by the following formula:
where, A1 was the absorbance value of the sample at 450 nm and W was the sample weight.
Statistical analyses
Two different statistical methods were used to analyze the data. Firstly; analysis of variance was performed based on the following statistical model, using Proc GLM procedure of SAS (SAS Institute, 1999) to test the effect of the pollination methods on the parent traits.
where; μ is the population mean, τi is replication effect, βj is genotype effect (main plot), (τβ) ij is whole plot error, γk is pollination treatment effect (sub-plot effect), (βγ) jk is interaction term between whole and sub-plot effect, εijk is sub-plot error term. Pollination treatment was assigned to subplots and genotypes to main plots since we need a more accurate evaluation of the pollination effect. Type III error was used in ANOVA to calculate the significance levels of the sources of variation. LSD test was performed to compare the treatment means.
Second analysis of the data was performed to determine the effect of the male parent on the female parent. This was described as "pollen effect" and computed according to Bulant et al (2000) for each parental genotype. These computations give the deviation of hybrid values from the average of female parents. To compute the pollen effect of parental lines, samples from self-pollination treatment were used for all of the genotypes. Pollen effect of each parental genotype was equal to differences of least squares means in Proc MIXED procedure in SAS. REML based computations were made for each parental group, including one female parent and its related hybrids (e.g., IHO and the hybrids in which IHO was the female parent were collectively referred to as 'IHO and its Related Hybrids'). In each group, individual pollen effects of male parents over the female parents were compared by t test.
RESULTS AND DISCUSSION
Comparison of pollination treatments
Variance analysis revealed significant differences between the pollination treatments for ear and kernel development traits. Except the oil content, other biochemical constituents showed significant differences by the pollination treatment. Genotype × Treatment interaction was found significant for all biochemical features, while the genotype effect was significant for all of the evaluated traits (Tab. 2).
Open pollination produced higher ear weight, kernel number and total kernel weight compared to the artificial pollination methods. Selfing yielded lower values within the artificial methods for ear traits (Fig. 2) . This variation may be due to the difference in the degree of pollen availability among the pollination treatments. In open pollination, great amount of pollen grain can reach the silk surface. In artificial pollination, however, the amount of viable pollen is limited. Thus, the amount of pollen available for the silks would be much more with the open and bulk pollination methods than it is with selfing. This is probably the main reason for getting more kernels from the open or bulk pollinated ears. This idea is supported by earlier research which showed restricted pollination resulted in fewer seeds in maize (Borrás et al. 2002; Borrás et al. 2003) . Nevertheless, the same researchers argued hand pollination would yield a better seed set compared to open pollination and restricted pollination. This is a contradiction with our results, probably due to the effect of synchronous pollination method used in those studies (Cárcova et al. 2000) . The lower values for the mean kernel weight in open pollination could be attributed to the higher number of kernels per ear in open pollination. Borrás and Otegui (2001) reported a decrease in seed weight as the number of seeds increased on an ear. Bulant et al. (2000) argued that increased activity of ADPGPPase enzyme was associated with greater kernel size in the case of cross pollination. Our results from bulk pollination treatment agreed with this argument, whereas the results from open pollination did not. Having more kernels in open pollination may have masked the role of pollen effect in this case. Letchworth & Lambert (1998) reported that there was no significant difference for average mean kernel weight between open (30.7 mg) and self-pollination (30.9 mg) treatments. Similarly, we found no significant differences between these treatments for average of kernel weight (Fig. 2) . A comparison within artificial pollination methods showed that kernel weight was slightly lower in selfing (pollen from the same plant) than in bulk pollination (pollen from different plants) (Fig. 2) . In terms of kernel and ear development, the genotypes had similar reactions to different pollination treatments (Tab. 3), resulting in a non-significant G × Y interaction effect for ear traits (Tab. 2).
Artificial pollination had also significant effect on kernel biochemical structure. Protein, oil and carotenoid were found to be higher in self-pollination than the other methods. The lowest figures were obtained from open pollination treatment for these traits. The carbohydrate content significantly decreased with artificial pollination in our study. Oil content had no significant variation among the pollination treatments (Fig. 2) . Our results for protein and carbohydrate contents were in agreement with Letchworth & Lambert (1998) . Sulewska et al. (2014) also reported non-significant differences for oil content between open and self-pollination. The differences in chemical composition by the pollination methods may be a result of inbreeding effect. Inbreeding increases the homozygosity in maize, normally a cross-pollinated species. Combining recessive genes results in the expression of the respective phenotype that would be masked by the dominant alleles under heterozygote condition (Jalal et al. 2006) . Our results suggest that selfing increased the frequency of favorable alleles for oil and protein content since self-pollination treatment resulted in elevated levels of these components. The differences in biochemical constituents among the pollination treatments are also related to kernel size. It is expected that higher kernel number per ear results in smaller kernels, thereby lower carbohydrate content per kernel. Negative relation between the carbohydrate and other constituents (Dado 1999) was also apparent in our data (Fig. 2) . In contrary to our results, Schaefer & Bernardo (2013) obtained similar values from self and open pollination treatments for biochemical features. They concluded that there was no significant effect of pollination method on biochemical structure in maize kernel, based on their data collected on temperate inbreds. Our study includes more treatments and different specialty genotypes. The difference between the results of these studies indicates that the plant material may be a significant factor, as well as the pollination treatments tested, when investigating the pollen effect in maize. The genotypes used gave different responses to pollination treatments for kernel biochemical components while the effects on ear traits were similar (Tab. 3). As a result, we detected a significant G × T interaction effect on kernel biochemical properties. IHO had higher protein content in bulked samples, while selfed ears of OPV had higher levels. Genotypes had similar values for oil content in different pollination treatments, except the Q2 which had lower oil in bulk pollination compared to other treatments.
For carbohydrate content, IHO and PR had similar values for pollination treatments, while, Q2 and OPV had significantly lower values in self-pollination treatments. Carotenoid content significantly increased by the bulk pollination in OPV. Other genotypes had similar values for carotenoid content in samples with different pollination treatments. Based on these data, pollination treatment caused the variation of kernel quality traits and this situation was closely related to genetic specialties of the genotypes used.
Assessment of pollen effect
Results of variance analysis to assess the pollen effect by the genotypes were summarized in Tab. 4. Individual pollen effect varied by the genotypes for evaluated traits and it was found to be most significant for open pollinated landrace. In different studies, it was speculated that the pollen effect could be varied by year, genotype and climate conditions. There were also some studies reporting this effect was similar in different conditions for certain genotypes (Bulant et al. 2000) . Fig. 3 shows the differences between hybrids and their female parents for each variable. It was found that four crosses had significant differences for ear weight and total kernel weight, while three crosses did so for total kernel number and mean kernel weight (Fig. 3) . OPV had significant increases for ear and kernel development when pollinated with other genotypes. IHO × OPV cross also had a significant pollen effect for ear weight and kernel weight per ear. Selfing in OPV resulted in a low ear weight, and cross pollination caused significant increases. Therefore, we concluded that pollen effect of the other genotypes on OPV was significant. In fact, inbreeding depression was reported to be higher in open pollinated landraces compared with the inbreds or hybrids (Öz & Tuğay 2003) . Total kernel weight in ear is a product of mean kernel weight and kernel number per ear. Increase in total kernel weight directly affects the ear weight. The increase in ear weight in OPV when pollinated with the other parents is a product of the increase in mean kernel weight and total kernel number per ear. It was reported that hybrids produced more kernels when pollinated by a different hybrid (Weingartner et al. 2002a; Weingartner et al. 2002b; Bozonovic et al. 2010) . Pollen effect could not be determined when hybrids with similar kernel weight are crossed (Kannenberg & Hunter 1972) . In our study, OPV hybrids had higher mean kernel weight than their parents, although OPV parent had similar values for mean kernel weight with those of pollen sources. Seka & Cross (1995) found that small kernel hybrids could bear bigger kernels when crossed with a large kernel hybrid. IHO has relatively small kernels within the set of genotypes used here. Interestingly, we did not observe any increase in kernel size when IHO was pollinated with the parents with larger kernel (Fig. 3) . These results did not agree with earlier reports, where, unlike our study, mostly hybrids were tested. These results suggest that inbreds and landraces could display different responses to pollen source than the hybrids would. Moreover, carrying a special type endosperm (such as IHO) could be a factor on how the pollen effect would appear in a maize genotype.
Four of our crosses had significant differences for protein and carbohydrate content, while six crosses showed differences for carotenoid content (Fig. 3 ). Protein and carbohydrate contents were negatively affected by pollen source in IHO and OPV parents. These parents had higher protein and carbohydrate content than the others. In fact, pollination of these genotypes with lower parents resulted in decreases in protein and carbohydrate values. The low × high or high × low parent combinations gave similar results in earlier studies for protein and oil content (Curtis et al. 1956; Letchworth & Lambert 1998) . The oil contents of crosses in our study were close to the pollen parent. However, the differences between the hybrids and their parents were not significant. The non-significant differences in our study may due to small number of genotypes (N = 4) to compare. All comparisons between crosses and parents for carotenoid concentration showed that pollen effect had a negative impact on this variable (Fig. 3) . Vancetovic et al. (2014) found that antioxidant properties, including yellow pigments (i.e., carotenoids), were significantly affected the pollen parent. They concluded that when the hybrids with low pigment were pollinated by the high pigment hybrids, the pigment content increased. Our results did not agree their findings, probably because we used inbreds and OPV as female parent, while they used hybrids. Moreover, we observed that when the parent with low carotenoid content (IHO) was pollinated by the high carotenoid genotype, carotenoid content of the low parent had a very small increase. This indicates that maternal effects are more important than pollen effect for carotenoid content (Fig. 3) .
In conclusion, results of this study showed that there were important differences among the pollination methods in terms of their effect on some kernel traits. Pollen effect played a significant role for ear and kernel development in the investigated genotypes. This case was very distinct in open pollinated landrace. The change by pollen effect in carotenoid content was different than those in the other biochemical constituents. More accurate methods of chemical analysis (e.g., Reference Labs, HPLC methods) may provide a better picture for the biochemical constituents discussed here. Multi-year and multi-location trials would yield more informative results on pollen effect for these variables.
